Intracellular membranes are known to possess unique lipid compositions. In addition, the organelles along the exocytotic and endocytotic pathways differ in their lipid composition. This may be unexpected as they exchange lipids continuously by the fission and fusion of membrane vesicles, and many studies have addressed the mechanisms whereby this heterogeneity is generated and maintained [ 11. It is generally accepted that the plasma membrane, the final membrane in the secretory pathway, contains far higher concentrations of cholesterol and sphingolipids than the endoplasmic reticulum (ER). However, the exact composition of the various membranes is controversial [2] . Cell fractionation has been the method of choice to establish the lipid composition of a specific organelle, and recently we have applied this method rather successfully to study the intermediate compartment [3] and phagosomes [4] . However, a general problem in the original studies has been that the membranes were purified from liver. Lipoprotein lipids may therefore have contaminated the original Golgi membrane isolates, leading to, for example, overestimation of cholesterol levels (see [2,51).
Enveloped viruses
As an independent method with which to study the lipid composition of cellular membranes, enveloped viruses have been used to probe the membranes of various organelles, especially the plasma membrane [6] . Enveloped viruses of eukaryotes obtain their membrane by budding through a cellular membrane. Therefore the lipid composition of the virion envelope generally reflects that of the membrane where budding took place. Viruses can be isolated in high purity, and differences between their lipid composition and that of their membrane of origin have been often ascribed to limitations in the purification of the cellular membrane.
Using enveloped viruses, we have studied the plasma membrane composition of apical and basolateral plasma membrane domains of epithelial cells in culture [7, 8] . In addition, the lipid composition of vaccinia virus has been used to demonstrate that the first membrane obtained by the virus is derived from an early compartment along the exocytotic pathway, the intermediate compartment, and not from the late Golgi [9] . In the same way, we have addressed the question of the membrane from which herpes simplex virus (HSV) derives its lipids. Extracellar HSV has a lipid composition very different from that of isolated nuclei [lo] . This was in agreement with a model [ 113 in which HSV, after budding through the inner nuclear membrane, loses its envelope by fusing with the outer nuclear membrane and obtains a new membrane by budding into a compartment late in the exocytotic pathway, very likely the Golgi apparatus, although some other more theoretical possibilities could not be excluded.
Phospholipids of coronaviruses
In the present study, we have compared the phospholipid composition of mouse hepatitis virus
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(MHV, strain A59) with that of its murine Sac( -) cell host. The quantitative distribution of label over the various phospholipid classes is given in Table 1 . Clear differences between the phospholipid composition of MHV and that of the host cells were the increased levels of sphingomyelin (SM), phosphatidylinositol (PI) and phosphatidylserine (PS), and a decrease in the level of phosphatidylethanolamine (PE). While it is difficult to interpret these differences, it can be said that SM, PS and PI are markers for the exocytotic pathway (as compared with mitochondria and peroxisomes [ 121). SM and PS tend to (w/w) sucrose on 2 ml of 60% (w/w) sucrose in 20 mM Tris, pH 6.5, I mM EDTA, 0.1 M NaCI], and centrifuged for 7 h at I70000 g (50000 rev./min) in a Ti60 rotor. Peak fractions from the gradients containing most of the radioactivity were combined, supplemented with sucrose to 60%, overlaid with a 50-20% (w/w) sucrose gradient in an SW50 tube and centrifuged for 16 h at I80000 g (45000 rev./min). The infectivity of the fractions was determined by a plaque assay [20] and the combined peak fractions were pelleted by centrifugation for 16 h at 180000 g (45000 rev./min) in an SW50 rotor. Cellular fractions were obtained from parallel incubations. Sac( -) cells infected with MHV were harvested before detachment at 7 h after infection. Medium was removed, the cells were washed with PBS, scraped and pelleted by centrifugation for 15 min at 10000g. Lipids were extracted and analysed as described [7, lo] . The phospholipid composition of infected cells was identical to that of non-infected cells. PC, phosphatidylcholine. 
Phospholipids of arteriviruses
Another virus that buds intracellularly is equine arteritis virus (EAV), an arterivirus which has a replication strategy very similar to that of coronaviruses but which is structurally very different. While coronaviruses have a helical nucleocapsid, arteriviruses have an icosahedral core, quite similar to that of the alphaviruses, for example. Budding of arteriviruses has not been studied in detail, but the available data indicate that EAV also assembles at pre-Golgi membranes [18] . T o obtain more information on the EAV budding compartment, the phospholipid composition of EAV was compared with that of HSV and vesicular stomatitis virus (VSV) grown in the same baby hamster kidney (BHK) cells. The phospholipid pattern of the viruses is displayed in Figure 1 and is quantitatively compared with that of the host cells in Table 2 . Most remarkable is the increase in SM observed in all viruses as compared with the cells. A high content of SM has been taken as an indication that the virus has budded through a membrane late in the exocytotic pathway [lo] . However, a second possibility is that SM is enriched in the virus during budding (discussed in [6]). SM is synthesized in the Golgi lumen and is located in the lumenal leaflet of the membrane bilayer. It has been argued that SM is largely excluded from retrograde vesicular traffic through the Golgi [ 121. Necessarily, in each Golgi cisterna (and in the ER and intermediate compartment), SM must aggregate into specialized domains destined for anterograde transport. The high SM content of the intracellularly budding viruses may therefore be partially explained by budding through such SM-rich
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Perturbation of Membrane Traffic Pathways Table 2 [32P]Phospholtpid composition of three viruses grown in BHK cells Numbers represent percentages of the total and are the means+S.D. (n=3-4) . EAV [21] . HSV-IF [22] and VSV [23] were propagated in BHK-21 cells as described for Table I Phospholipid composition (%) Viruses were labelled and purified as described in the legends t o Tables I and 2 . Like the host cells, EAV contains more PI than PS. HSV contains similar amounts of the two lipids, whereas VSV contains hardly any PI (arrow). Likewise, a very low level of PI has been observed in Semliki Forest virus, which also buds from the plasma membrane [19] . In contrast to the enrichment of SM in all viruses, a conspicuous difference between the viruses is observed in the ratio of PS to PI ( Figure  1 ). PS is found enriched in the plasma membrane, while the concentration of PI is reduced [12] . The PS/PI ratio is therefore a second parameter that is thought to increase later in the exocytotic route. This ratio was 0.6 in the cells and increased from 0.7 in EAV to 0.9 in HSV and to 2.3 in VSV. PS and PI are both situated in the cytosolic leaflet of cellular membranes. It is therefore unlikely that a virus obtains PS by an exchange reaction when passing through the Golgi lumen. The PS/PI ratio would thus indicate budding of VSV in a late membrane, which in fact is known to be the plasma membrane [6] [7] [8] 201 , of HSV in an intermediate membrane, suggested to be the Golgi [lo], and of EAV in a relatively early compartment along the exocytotic pathway, which is in line with the morphological evidence suggesting a pre-Golgi site of budding From the present data it can be concluded that the phospholipid composition of a virus is of only limited value in determining its intracellular site of budding, until we have obtained substantially more insight into the lipid compositions of the intracellular organelles, the lateral organization of membrane lipids and the kinetics of intracellular lipid exchange processes.
